To try to obtain the missing zero load data, we have molecules labeled in this way can be tracked easily developed a single molecule tracking assay that can be and definitively using a standard epifluorescence mirun on a standard epifluorescence microscope and is croscope. We use the new system to show that, conresistant to premature photobleaching (Figure 1) . We trary to a recent report [9], kinesin run length at low fused human plasma gelsolin to the C terminus of a 430 load is independent of ATP concentration in the M amino acid rat kinesin to yield a dimeric (two-headed) to mM range of ATP concentration. Adding competitor expressed fusion protein (RK430G) ( Figure 1A ). This pro-ADP in the presence of saturating ATP decreases both tein retained function in both the kinesin and gelsolin velocity and run length. Based on these data, we promoieties, so that when mixed in the presence of Ca 
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. At the excitation powers used, this corresponds data. We fused kinesin to gelsolin [11], creating a conto a time to bleaching of a few tens of seconds, precludstruct that severs and caps rhodamine-phalloidin actin ing measurements under conditions where kinesin filaments, setting exactly one kinesin molecule on one moves very slowly and has long residence times. end of each fluorescent actin filament. Single kinesin To try to obtain the missing zero load data, we have molecules labeled in this way can be tracked easily developed a single molecule tracking assay that can be and definitively using a standard epifluorescence mirun on a standard epifluorescence microscope and is croscope. We use the new system to show that, conresistant to premature photobleaching (Figure 1) . We trary to a recent report [9], kinesin run length at low fused human plasma gelsolin to the C terminus of a 430 load is independent of ATP concentration in the M amino acid rat kinesin to yield a dimeric (two-headed) to mM range of ATP concentration. Adding competitor expressed fusion protein (RK430G) ( Figure 1A ). This pro-ADP in the presence of saturating ATP decreases both tein retained function in both the kinesin and gelsolin velocity and run length. Based on these data, we promoieties, so that when mixed in the presence of Ca Table 1 ). The ATP concen-to unidirectional mechanical progress on microtubules. Addition of 2 mM ADP at 2 mM ATP produces about a 50% inhibition of run length and velocity, indicating that ADP and ATP bind to kinesin at low load with similar affinities. Our finding that run length is independent of ATP concentration in the range of 2.5 M to 2 mM conflicts with the report of Schnitzer et al.
[9], who found that run length decreased markedly at low ATP concentrations and low loads. The reduction of run length at low ATP cannot be explained by contaminating ADP, because they assayed at Ͻ10 nM ADP. One important point is that their data referred to processivity under various defined loads, whereas our own data are at zero load. Their data suggest that an ATP dependence of run length is strongest at zero load, which is different from our data. The load may affect kinesin processivity, although we don't know how it works.
Assuming tight coupling of ATPase to physical stepping, we can calculate that at maximum velocity the motor steps 107 (ϭ 853/8) times per second (Table 1) and that each head must therefore detach at 54 (ϭ 107/2) s
Ϫ1
. This is Ͼ40-fold faster than the measured spontaneous dissociation rate of K.ADP-K.ADP (1.3 s Ϫ1 , the reciprocal of the dwell time of dimers on microtubules in the presence of ADP; Table 1 
gested that K.ADP.Pi binds tightly to microtubules [26, 31]. tration that yields half-maximal run length is estimated to
What is clear at present is that added ADP reduces be ‫05ف‬ nM. In the M to mM range of ATP concentration, run length, and this constitutes strong evidence that unbinding occurs dominantly from an ATP hydrolyzing dissociation occurs from the K.ADP state of the kinesin state, and the measured run length is correspondingly head. This leads us to propose a specific and comparaconstant ( Figure 2C) . tively simple scheme for the stepping mechanism of To try to identify the ATP hydrolyzing state that dissokinesin at low loads, in which dissociation occurs domiciates from microtubules, we deliberately added back nantly from only one state, the K.ADP state. ADP as a competitive inhibitor at saturating concentraIn this scheme (Figure 4) , attachment of K.ADP lead tions of ATP (2 mM). We found that the added ADP heads to the microtubule triggers them to release their induces early dissociation of the motor from the microtu-ADP and stabilizes their binding to the microtubule. This bule, reflected in a shortening of run length (Figure 3) . reaction is reversed by added ADP. Trail head detachAs more ADP was added, the measured run lengths ment in the normal cycle occurs at the K.ADP state. decreased from 377 nm at no exogenous ADP to 208 Detachment of both heads at once occurs with an ‫%2ف‬ nm at 2 mM ADP (Table 1) In conclusion, we find using this relatively low technolby ADP and with the tight coupling of ATP turnover ogy single molecule approach that rat kinesin takes a constant ‫05ف‬ steps per single run over a 1000-fold range of ATP concentrations. Accordingly, at each ATP binding event, the probability of forward stepping in the absence of competitor ADP is ‫-05ف‬fold higher than the probability of dissociation, independent of the frequency of mechanical stepping. Added or contaminating ADP, however, binds competitively with ATP, both reducing velocity and increasing the probability of dissociation.
Experimental Procedures
Proteins For RK340G and RK430G, 1020 bp and 1290 bp C-terminally truncated kinesin fragments were amplified from a full-length rat kinesin clone (kind gift of S. Brady, University of Texas). The forward primer introduced a BamHI site at the 5Ј end of the amplified product and silently removed the original BamH1 site. Both reverse primers introduced a BamH1 site onto the 3Ј end of the amplified DNA. The ATP; D, ADP; P, inorganic phosphate.
